Hejoutou

0

%&

THE CHARACTERISTICS OF ATMOSPHERIC TURBULENCE AS RELATED TO
WIND LOADS ON TALL STRUCTURES

George H. Fichtl,: John W, Kaufman,? and William W, Vaugha

Aerospace Environment Division
Aero-Astrodynamics Laboratory
NASA—Marshall Space Flight Center
Huntsville, Alabama 35812

An engineering boundary layer wind model based upon data collected at the NASATLSD, meter
meteorological tower facility at the Kennedy Space Center, Florida is discussed, A
power-law peak wind profile is used to extrapolate peak wind statistics valid at the 10-meté;
other levels. The relationship between the instantaneous extreme wind profile and the peak wind™—*

gyi , 4 M 3
Mevgy p R4

XY,

5

al *
8775158

\:,c 2

> N5

profile for various periods of exposure up to ten minutes is examined. The gust factor profile,
which depends on the peak wind speed, height, and averaging time, is applied to the peak wind
profile to obtain a mean wind profile. A spectral model of the longitudinal and lateral components
of turbulence for the neutral boundary layer (high wind speeds) is presented.

Key words: Atmospheric boundary layer; gust factors; peak values, power spectra; turbulence,

wind profiles.

Nomenclature
b =parameter that characterizes the statistics
of k
C, =specific heat of dry air at constant pressure

C  =empirically determined parameter that occurs
in formulae of the longitudinal and lateral

spectra

I =nz/q

fm =value of f associated with peak of logarithmic
spectrum

g = geceleration of gravity

go =empirical function of u;s and ¢ that occurs in

the formula for the gust factor
G  =gust factor

k =peak wind profile parameter

ki =0.4=von Karman’s constant

L' =stability length

n ={requency, Hz

p  =empirical function of u;z that oceurs in the
formula for the gust factor

T = empirically determined parameter that occurs
in formulae of the longitudinal and lateral
spectra

R: =gradient Richardson number

S(n) =longitudinal or lateral spectrum of turbulence
Sa(n) =spectrum of the square of the longitudinal or
lateral components of the wind
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¢ =averaging time

T =time average mean temperature

u(z) =peak wind speed at height z

4i(2) =time averaged mean wind speed at height z

u* =surface friction velocity

zo  =surface roughness length

8 =vertical collapsing factor

o = variance of & or variance of the longitudinal
or lateral components of turbulence

¥ = logarithmic wind profile stability defect.

1. Introduction

The purpose of environmental wind criteria is to
provide a model of the atmospheric boundary layer
such that when it is used in design studies an ac-
ceptable structure results. How one should develop
such a model is determined by the purpose and re-
quirements of the structure. Thus, to develop these
models so that they are meaningful from an engi-
neering viewpoint, it is necessary that the atmos-
pheric scientist and the design engineer work as a
team.

The National Acronautics and Space Adminis-
tration, Marshall Space Flight Center (MSFC),
Huntsville, Alabama, is concerned with developing
and operating launch vehicles like the Saturn V,
which placed three American astronauts into lunar
orbit on December 25, 1968, The Saturn V stands
363 feet tall and weighs over 6 million pounds. Its
height makes the vehicle especially vulnerable to
ground wind loads. An artist’s concept of this
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SATURN V PAD, COMPLEX

MOBILE SERVICE STRUCTURE |

Ficure 1. An artist’s concept of the Saturn V space vehicle and the associated ground support equipment.

vehicle and its associated ground support equipment
is shown in Figure 1. About 2 months before launch,
the vehicle is erected in the Vertical Assembly
Building (see background of Figure 1) on the Mobile
Launcher. The vehicle and launcher are then moved
to the launch pad, about 3 miles away, on the
Crawler Transporter. The Mobile Service Structure
is then moved to the vehicle to provide a platform
from which the vchicle can be serviced. Before
launch, the Mobile Service Structure is rolled off
the pad, and the wvehicle is launched from the
Mobile Launcher.

During the design and fabrication stages of space
vehicles, the design engineer must know the final
weight of the launch configuration so that unncces-
sary weight penalties arc avoided. Since the ground
‘support cquipment will remain on the ground at
launch, the present design philosophy in the in-
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dustry is to design the auxiliary ground support
cquipment to alleviate, wherever practical, some of
the loads on the vehicle due to the ground winds.
However, it is conceivable that ground support
cquipment may have to be so sophisticated that
providing this capability will become impractical.
Thus, it is imperative that the ground wind environ-
ment be defined in usable enginecring terms as pre-
ciscly as possible so that the engineer need not over-
design the ground support cquipment and the
vehicle structure for a given value of risk. This is
especially true if the vehicle is required to withstand
ground wind loads in the cvent the ground support
equipment eannot be designed to completely alleviate
the entire design ground wind loadings. Although
there arc various ways of presenting wind criteria
for engineering design, this paper describes only the
principal methods used at the Marshall Space
Flight Center.



2. Peak Wind Statistics

The fundamental surface wind statistics for the
Kennedy Space Center are based on an 8-year
sample of hourly peak wind speeds measured at the
10-meter level for a period of record from September
1958 through June 1967. The sample was constructed
for NASA at the National Weather Records Center,
Asheville, North Carolina, by selecting the peak
wind speed that occurred in each hour of record read
from original wind rolls. Peak wind statistics have
three advantages over mean winu statistics. First,

~peak wind statistics do not depend on an averaging
operation as do mean wind statistics. Second, to
construct a sample of mean winds, a chart reader or
weather observer must perform an “eye-ball” aver-
age of the wind data, thus, causing the averaging
process to vary from day to day according to the
mood of the observer and from observer to observer.
Hourly peak wind speed readings avoid this subjec-
tive averaging process because “a peak is a peak is a
peak.” Third, to monitor winds during the count-
down phase of a vehicle launch, it is easier and more
objective to monitor the peak wind speed than the
mean wind speed.

Smith et al. [1]*have performed extensive statistical
analyses with the Kennedy Space Center peak wind
speed sample. In the course of his work at the Mar-
shall Space Flight Center, he has introduced the
concept of exposure period probabilities into the
design and operation of space vehicles. By deter-
mining the distribution functions of peak wind speeds
for various periods of exposure (hour, day, month,
year, ete.), it is possible to determine the probability
that a certain peak wind-speed magnitude will occur
during a prescribed period of exposure of a space
vehicle to the natural environment. Thus, for ex-
ample, if an operation requires, say, one hour to
complete, and if the critical wind loads on the
vehicle can be defined in terms of the peak wind
speed, then it is the probability of occurrence of the
peak wind speed during a 1-hour period that gives a
measure of the probable risk of the occurrence of
structural failure. Similarly, if an operation requires
one day to complete, then it is the probability of oc-
currence of the peak wind during a 1-day period
that gives a measure of the probable risk of strue-
tural failure.

Smith et al. [1] have also shown that the peak wind
speeds at Cape Kennedy for various periods of ex-
posure have a Fisher-Tippett Type I distribution

* Figures in brackets indicate literature references at the
end of this paper.
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[2], which is the one used by Gumbel [3]. Although
the Gumbel distribution appears to give a good
theoretical fit to the empirical peak wind speed
distribution, it has the disadvantage that it is
unbounded at both ends. Since wind speed has a
physical lower bound at zero, it may be desirable
to investigate other distribution functions. Smith
points out that the Fisher-Tippett Type II distribu-
tion, which is indeed bounded from below at zero,
would be such a funetion. Thom [4] has used the
Fisher-Tippett Type II distribution for representing
ground wind statistics.

Figure 2 shows an example of Smith’s peak wind
speed statisties where the distributions for the month
of October for different reference periods are illus-
trated, and the probabilities of the occurrences of
peak wind speeds for the indicated reference periods
can be determined. Thus, for example, the probabil-
ity that the peak wind speed during the hour from
0530 to 0630 EST will be less than 32 knots is 0.977

Probability statements concerning the capabilities
of the space wvehicles developed at MSFC and
launched at the Kennedy Space Center (KSC) are
given in terms of Smith’s peak wind speed exposure
statistics. The statistics are valid at the 10-meter
level. However, to perform loading and response
calculations resulting from steady-state and random
turbulent drag loads and von Karman vortex
shedding loads, the engineer requires information
about the vertical variation of the mean wind speed
and the structure of turbulence in the atmospheric
boundary layer. The philosophy at MSFC is to
extrapolate the peak wind statistics up into the
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Ficure 2. Fisher-Tippett distribution collated to peak wind
speed samples at Cape Kennedy, Florida, in
October.



atmosphere using a peak wind profile, and to obtain
the associated quasi-steady or mean wind speed
profile by applying a gust factor, which is a function
of wind speed and height. At this point, the engineer
can caleulate the steady-state loads resulting from
the mean wind profile and the response due to dis-
crete gusts in the form of a gust factor. The gust
factor accounts for the loads beyond those resulting
from the quasi-steady wind profile—in short, the
turbulence. For some applications, depending on the
response characteristics of the vehicle, the peak
wind speed profile is used directly in the calculations.
An alternative, and probably more meaningful,
representation of the turbulence can be given in the
form of a spectral model of the longitudinal and
lateral components of turbulence.

3. The NASA 150-Meter Meteorological Tower

To obtain micrometeorological data representative
of the Cape Kennedy area, especially in the vicinity
of the Apollo/Saturn V launch pads, a 150-meter
meteorological tower was constructed on Merritt
Island at the Kennedy Space Center. The tower
facility, discussed in detail in a report by Kaufman
and Keene [5], is only briefly described here.

3.1, Terrain Features

Figure 3 shows the location of the facility with
respect to the Saturn V space vehicle launch com-s
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Ficure 3. NASA Launch Complex 39, Kennedy Space
Center, Florida.

plex 39. Located about 3 miles from the Atlantic
Ocean, the tower is situated in a well-exposed area
free of near-by structures which could interfere with
the air flow.

The aerial photograph (Fig. 4) of the terrain sur-
rounding the tower (point T') was taken at 3,500 ft
above mean sea level. In the quadrant from approxi-
mately 300° north azimuth with respect to the tower,
clockwise around to 90°, the terrain is homogeneous
and is covered with vegetation about 14 to 114
meters high. Another homogeneous fetch with the
same type of vegetation occurs in the 135° to 160°
quadrant. The areas A (230° to 300°), B (90° to 135°),
and C (160° to 180°) are covered with trees from
about 10 to 15 meters tall. The fetch from the
tower to areas A or C is about 200 meters, and the
fetch to area B is about 450 meters. The height of
the vegetation over these fetches ranges from 14 to
114 meters, as in the area to the north of the tower.
To the south-southwest in the 180° to 230° quadrant
225 meters from the tower, there is a body of water
called Happy Creek.

3.2. Instrumentation

The complete tower facility comprises two towers,
one 18 meters and the other 150 meters high (see
Fig. 5). The levels on both towers are instrumented
with Climet (Model Cl-14) wind sensors. Tempera-~
ture sensors, Climet (Model-016) aspirated thermo-
couples, are located at the 3- and 18-meter levels
on the small tower and at the 30-, 60-, 120-, and
150-meter levels on the large tower. Foxboro (Model
F-2711AG) dewpoint temperature sensors are lo-
cated at the 60- and 150-meter levels on the large
tower and at the 3-meter level on the 18-meter tower.
Wind speed and direction data can be recorded on
both paper strip charts and analog magnetic tapes
with an Ampex FR~1200 fourteen-channel magnetic
tape recorder which uses a 14-in reel. The tempera-
ture and dewpoint data are recorded on paper strip
charts. To avoid tower interference of the flow, the
large tower is instrumented with two banks of wind
sensors. The details of how and when one switches
from one bank of instrumentation to the other bank
is discussed by Kaufman and Keene in Reference 5.
During a test in which the wind data are stored
on magnetie tape, only one bank of instrumentation
is used. This avoids interruption of the wind data
signals within any magnetic tape recording period,
and thus avoids data-processing difficulties when
converting analog tapes to digital tapes.



Frcure 4. Aerial plan view of the terrain surrounding the NASA 150-meter meteorological tower.

3.3. Surface Roughness Length (z)

In an earlier report, Fichtl [6] discussed the sur-
face roughness length configuration associated with
the NASA meteorological tower. This analysis was
based upon wind profile laws that are consistent
with the Monin—Obukhov similarity hypothesis.
The calculations of 2, were based on wind data ob-
“tained at the 18- and 30-meter levels and on tem-
'perature data obtained at the 18- and 60-meter
levels. Most of the measurements were obtained
during the hours of 0700 and 1600 EST, and the
gradient Richardson numbers at 23 meters (geo-
metric height between 18 and 30 meters) for the 39
cases ranged between —5.82 and +40.079. The
results of these calculations, shown in Figure 6, show
the effect the terrain features (see Section IIIa)
have upon the surface roughness.
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4. Design Wind Profiles

To calculate wind loads on space vehicles, the
engineer requires specific information about the
wind profile. As pointed out in Section I, the funda-
mental wind statistics for the Kennedy Space
Center are specified in terms of peak wind speeds for
various periods of exposure (hour, day, month, ete.)
at a reference height of 10 meters. A statistical peak
wind profile model is used to extrapolate this in-
formation into the vertical, and the mean wind
profile for various averaging periods is obtained by
applying gust factors.

4.1, Peak Wind Profiles

To develop a peak wind profile model, about 6,000
hourly peak wind speed profiles measured during
1967 at the tower were analyzed. The data seemed
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Ficure 5. Schematic diagram of the location of instrumenta-
tion of the NASA 150-meter meteorological tower
at Kennedy Space Center, Florida.

to show that the variation of the peak wind speed
in the vertical, below 150 meters, could be described
with a power law relationship given by

u(z) =wu15(2/18)%, (1)

where u(z) is the peak wind speed at height z above
natural grade and w5 is a known peak wind speed at
2=18 meters. The parameter & was determined for
each profile by a least-squares analysis of the data.

At low wind speeds on the order of 2 m sec™?, the
values varied from about —0.05 to 0.15. Negative
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Figure 6. Distribution of the surface roughness length at the
NASA 150-meter meteorological tower site.

values of k oceurred for approximately 8% of the
cases in the sample. One should keep in mind that
we are analyzing peak wind profiles and that it is
possible for the peak wind speed at some or all of the
levels about 18 meters to be less than the 18-meter
level peak wind speed resulting in negative values
of k. This is not to imply that the associated mean
wind speeds decrease in the vertical.

A statistical analysis of the data revealed that,
for engineering purposes, k£ is distributed normally
for any particular value of the peak wind speed at
the 18-meter level. Thus, for a given percentile
level of occurrence, it was found that, for peak wind
speeds at the 18-meter level less than approximately
2 m sec™, k is equal to a constant, while for peak
wind speeds greater than 2 m sec™,

k=D s, (2)

where b is a parameter that is distributed normally
with mean value & and variance ¢ equal to 0.52 and
0.36 and uss is in meters per second. The distribution
of k as a function of w3 is shown in Figure 7

To apply Egs. (1) and (2) to the peak wind sta-
tistics valid at 10 meters, Eq. (1) is evaluated at
2=10 m, and it is assumed that the resulting rela-
tionship ecan be inverted to yield wis as a funetion
of the 10-meter level peak wind speed wuy, for a
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Figure 7 The mean, *o, #+20, and +3¢ values of k as
functions of the peak wind speed uis at the
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fixed value of b. This function is then combined with
Eq. (2) to yield k as a function of uyp for a given
value of b. The validity of this inversion process is
open to question because Eq. (1) is a stochastic
relationship. However, preliminary analyses of
profiles that include peak wind information obtained
at the 10-meter level seem to show that this inver-
sion is valid.

The current design practice at MSFC is to use
the k430 value of k to determine operational limits
for space vehieles. Thus, if a space vehicle designed
to withstand a particular value of the peak wind
speed at the 10-meter level is exposed to that peak
wind speed, the vehicle has at least a 99.87 percent
chance of withstanding the associated peak wind
speed profile.

4.2, Alternative Approach

At the present time, we are developing procedures
to extrapolate peak wind speed distributions valid
at the 10-meter level to other levels. Consider a
peak wind speed probability density function (p.d.f.)
p1(uz) valid at the 10-meter level for a given period
of exposure, say, one hour The probability that us
is less than s, is given by

%10,
P (w0 < Uroe) = / p1(u) diso. (3)
0

To obtain the peak wind speed p.d.f., at level 2,

we express Eq. (1) in the form

U (Uz, b) =u,(10/z) dlusabl—3/4

(4)

where we assume that Egs. (1) and (2) can be in-
verted to yield wuis as a function of b and the peak
wind at level z denoted by u.. Eq. (4) permits us to
express Eq. (3) in the form

Uze i)
p(uz<uzc | b) = / pl(um(un b)) (aZm) duz; (5)
0 z2/b

where p(u.<u..|b) is the conditional probability
that w. is less than .., given b and p(u.<u. |b)=
plun<uw.) Thus, the integrand in Eq. (5) is the
conditional p.d.f. of u., given b, and is given by

Pa(us | 0) =p1(un(us, b)) (au>

U,

(6)

The quantity (duw/du.)s, a function of u. and b,
can be calculated by differentiating Eq. (4). The
joint p.d.f of u, and b is given by

U

P2 (s, b) =p1 (v (us, b)) (au

)b p(d), (V)
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where p(b) is the p.d.f. of b, a known funetion. Upon
integrating Eq. (7) over the range of b, we obtain
the marginal p.d.f of u.:

pa(u:) = /w 1 (0 (uz, b))

-——00

20 p(b) b, (8)
()

ou.

At the present time, we are calculating these inte-
grals numerically for the annual hourly peak wind
speed data. To calculate the monthly and seasonal
peak wind speed statisties, we require the associated
monthly and seasonal distributions of k. Programs
are now being written to calculate these statistics.

Once we have determined the p.d.f of the peak
wind speed as a function of height, we can then
caleulate design peak wind-speed profile envelopes
for various percentile levels of oceurrence.

4.3. Instantaneous Extreme Wind Profiles

Because the probability that the hourly peak
wind speeds at all levels occur simultaneously is
small, the practice of using peak wind profiles intro-
duces some conservatism into the design eriteria.
This section estimates the amount of conservatism
involved.

To gain some insight into this question, about 35
hours of digitized magnetic tape data were analyzed.
The data were digitized at 0.1-second intervals in
real time and partitioned into 0.5-, 2-, 5-, and 10-
minute samples. The vertical average peak wind
speed 4p and the 18-meter mean wind s were
calculated for each sample. In addition, the in-
stantaneous vertical average wind speed time history
at 0.1-second intervals was calculated for each
sample, and the peak instantaneous vertical average
wind speed #r was selected from each sample. The
quantity @;/%pr was then interpreted to be a measure
of how well the peak wind profile statistics at the
10-meter level approximate the instantaneous ex-
treme wind profile statistics.

In Figure 8, a plot of @#;/dp as a function of s,
the data points tend to scatter about a mean value
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Ficure 8. The ratio #;/4p as a function of the mean wind
speed ;s at the 18-meter level for an averaging

time equal to 10 minutes.
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Ficure 9 The ratio 1;/4p as a function of the mean wind

speed 715 at the 18-meter level for averaging times
equal to 0.5 (4), 2 (B), 5 (C), and 10 minutes (D).

of ;/4p=20.93. Since drag loads are proportional to
the square of the velocity, this mean value implies
that the peak wind profile may be overestimating
the loads by about 14%. However, the fact that
some of the data points have values equal to 0.98
could mean an overestimate of the loads by only
49, Figure 9 gives the average values of 4r/4p as a
funetion of s for different averaging times (0.5, 2,
5, and 10 minutes)

4.4, Gust Factor
The gust factor G is defined as
G=u/4, (9)

where u is the peak wind speed within a data record
of length ¢ in time and @ is the mean wind speed
associated with the data record. A simple theory
can be constructed to aid in understanding the be-
havior of the gust factor If ¢ denotes the variance
of the fluctuations of velocity about the mean wind
speed, then @+3c is an estimate of the peak wind
speed, therefore,

G=1+ 370 (10)

q

The variance is related to the friction velocity, ux,

through the relationship
o=A (R, t)ux, (11)

where A is a funetion of the Richardson number,
Ri, and the averaging time, {. The Richardson

number is given by
g d_T_>
T (C,, + dz

Ri= ——,

&)

g

(12)
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where T and @ denote the mean Kelvin temperature
and wind speed at height #, ¢ is the acceleration of
gravity, and C, is the specific heat of dry air at
constant pressure (g/Cp>9.8°K/km). In approxi-
mately the first 30 meters of the boundary layer,
the wind profile is given by

where k; is von Karman’s constant with numerical
value approximately equal to 0.4, 2, is the surface
roughness length and y(R?) is a universal function
of Ru.

Combining Egs. (9), (10), (11) and (13), we
find that

o Ux
Po= —

s (13)

(ln ¢ —W(RD)

20

3k A (R, t)

G=1+ (14)

% —y(Ri)
%o

For a neutral atmosphere, R¢=0, and  vanishes,
so that

3k, A (0, t)
-4

In -
]

G=1+ (15)

We may conclude from this relationship that the
gust factor decreases as the height increases. This
result is also qualitatively true for unstable air
(R:<0) As the averaging time decreases, the vari-
ance will decrease so that A is a deereasing function
of the averaging time and thus, we may conclude
from (14) that @ is an increasing function of the
averaging time.

The functions ¢ and A are monotonically de-
creasing functions of the Richardson number; ¢
vanishes in neutral (Re=0) air, while 4 is positive
definite. Thus, as the Richardson number decreases,
or rather, as the air becomes more unstable, the gust
factor increases.

Let us now consider a typical daytime situation
at Cape Kennedy At low wind speeds the air is
unstable and G is large. However, as the wind
speed increases, the wind shear (di/dz) increases,
causing the Richardson number to tend to zero
from the unstable side of R¢=0. Thus, an increase
in the wind speed will tend to lower the gust factor
in view of the dependence of the gust factor upon
stability. In a typical nighttime situation, the
stratification is stable, and the Richardson number
is usually positive. As the wind speed increases, the



Richardson number tends to zero from the stable
side of Ri=0. This means that the gust factor will
increase as the wind speed increases. In both cases
the limiting value of the gust factor will be that of a
neutral atmosphere (Ri=0) as given by Eq. (15)

In view of these considerations, a gust factor model
for the Kennedy Space Center was developed with
181 hours of afternoon turbulence data encom-
passing a broad range of wind speed conditions.
Gust factors were calculated for averaging times
(¢) equal to 0.5, 1, 2, 5, 10 and 60 minutes. It was
assumed that the gust factor is a function of the
averaging time f, and the peak wind speed 4 at
the 18-meter level. The peak wind speed at the 18-
meter level plays the role of a stability parameter.
It was found that the expected value of the gust
factor at any level between 18 and 150 meters can
be represented as
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Ficurk 10. The gust factor G at the 18-meter level as a

function of the averaging time for various peak
wind speeds at the 18-meter level.

1
G=1+ - (18/2)?, (16)
Jo
where z is the height in meters. In this equation the
parameters p and g, are given by

p=0.283—0.435¢70 213 17

and
t\? ¢
go=198-0.0851In 1o —0.329In— —

2u1s
5 —1.887e 0,

(18)

where ¢ and uis have the units of minutes and meters
per second. The dependence of the 18-meter level
gust factor on the averaging time and the peak wind
speed is shown in Figure 10, and the dependence
of the 10-minute gust factor on the peak wind speed
and height is given in Figure 11.

Within the range of variation of the data, the 1-
hour gust factor and the 10-minute gust factor were
approximately equal, because the spectrum of the
horizontal wind speed near the ground is character-
ized by a broad energy gap centered at a frequency
approximately equal to 1 cycle hr™ and typically
extends over the frequency domain 0.5 cycles
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Frcure 11 The gust factor G as a function of the peak wind

w5 at the 18-meter level for various heights above
natural grade associated with a 10-minute grand
average.
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hri<n<5 eycles hr [7]. The spectral components
associated with frequencies less than 1 cyele hr!
correspond to the mesoscale and synoptic scale
motions, while the remaining high frequency spec-
tral components correspond to mechanically and
thermally produced turbulence. Thus, a statistically
stable estimate of the mean or steady-state wind
speed can be obtained by averaging over a period
in the range from 10 minutes to an hour. Davenport
[8] points out that this period for averaging is also
suitable for structure analysis. He also points out
that, since this period is far longer than any natural
period of structural vibration, it assures that effects
caused by the mean wind properly represent steady-
state, non-transient effects. At the present time, the
10-minute gust factors and the design peak wind
profile are used to obtain a design mean wind
profile.

5. Design Spectral Models

In many types of space vehicle response calcula-
tions, engineers have used the Fourier transform to
solve the equations of motion which describe and
predict the ultimate response of the space vehicle
to the natural environment. Thus, the input function
which describes the turbulent character of the drag
loads must be specified in terms of Fourier ampli-
tudes. Motivated by this requirement, the atmos-
pheric scientists at the Marshall Space Flight
Center, the Cornell Aeronautical Laboratories, and
Pennsylvania State University have embarked upon
an extensive program to define the spectral nature
of the longitudinal and lateral components of
turbulence at the Keonedy Space Center, Florida.

To establish a spectral model of turbulence for
the Kennedy Space Center, approximately fifty
cases of turbulence were analyzed. The procedure
used to calculate the longitudinal and lateral com-
ponents of turbulence consisted of (1) converting
the digitized wind speeds and directions (10 data
points per second) into the associated north-south
and east—west components and averaging these
components over the duration time of each test,
(2) calculating the mean wind speed and direction
with the averaged components, (3) projecting the
original digitized data onto the mean wind vector
and subtracting the mean wind speed to yield the
longitudinal components of turbulence, and (4)
projecting the original digitized data onto a normal-
to-the-mean-wind vector to obtain the lateral com-
ponents of turbulence. Trends contained within the
data were removed by fitting the longitudinal and
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lateral components of turbulence to second order
polynomials and in turn subtracting these poly-
nomials from the component time histories. To re-
duce computation time, the data, with trend re-
moved, were block-averaged over half second
intervals. The longitudinal and lateral spectra were
calculated by using the standard eorrelation Fourier
transform methods given by Blackman and Tukey
[9] These spectra were corrected for the half-
second block-averaging operation with the pro-
cedure given by Pasquill [10] and for the response
properties of the instrumentation.

To combine the spectra for each level on the
tower, it was assumed that the similarity theory of
Monin [117] for the wvertical velocity spectrum
could be applied to the longitudinal and lateral
spectra, so that

nS(n)

Twl =F(J, Ri), (19)

where nS(n) is the logarithmie longitudinal or
lateral spectrum associated with frequency n (cps),
and ux is the surface friction velocity, or rather, the
square root of the tangential eddy stresses per unit
mass. F is tentatively a universal function of the
dimensionless wave number f and the gradient
Richardson number R:. The dimensionless wave
number is given by

(20)

Since the tower does not yet have the capability
to measure vertical velocity fluctuations, the Reyn-
olds stress, and hence us?, cannot be calculated with
first principles, viz., ws?= (—w'w’), where 4’ and w’
are the longitudinal and vertical velocity fluctua-
tions and the angular brackets denote a time-
averaging operator However, an estimate of the
surface friction velocity can be caleulated from mean
wind and temperature profile data.

According to Lumley and Panofsky [7], the mean
wind profile in approximately the first 30 meters
of the atmosphere is given by

s A2

where k; is von Karman’s constant with numerical
value approximately equal to 0.4, and ¢ is a uni-
versal function of 2/L’ L' is a stability length given
by

a(2) = e

T (21)
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where T is the Kelvin temperature associated with
the mean flow z/L’ is related to the Richardson
number R: through the relationships

_ B
© (1—18Rp)4

(22)

2

7 (Ri< —0.01), (23)

4

o=k

(—0.01=R:<0.01), (24)

and

z Re
L' 1-7Ri

(0.12Ri>0.01). (25)
Eq. (23) is a form of the KEYPS [7] equation. The
funetion ¢ (z/L’) associated with Eqgs. (24) and (25)
are given by

V(o/L)) = —4.5 I% (—0.01<Ri<0.01) (26)
and
W(z/L))=—T7 z— (0.12Ri>0.01) (27)

Lumley and Panofsky [7] have graphically indicated
the function ¢ (2/L’) for Ri< —0.01 and the function

’
_Z/L/>1.0674-—0.678 In (—2/L /0,01)

¥(z/L") =o.044( S01

(Ri<—0.01) (28)

faithfully reproduces their curve.

The calculation of us was based upon the wind
data measured at the 18- and 30-meter levels and
the temperature data measured at the 18- and 60-
meter levels. Temperatures at the 30-meter level
were estimated by logarithmically interpolating
between the 18- and 60-meter levels. An estimate
of the gradient Richardson number, Eq. (12), at
the 23-meter level (geometric mean height between
the 18- and 30-meter levels) was determined by
assuming that the mean wind speed and ternperature
are logarithmieally distributed between these levels.
The gradient Richardson number estimated in this
manner is given by
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Ri(z) = 2 {T(zz)—f’(zx) 1}

T(Zg) Zg In (2’2/21> Cp

— = -2

{u(z@) u(z;)} . (29)
2, 1n (22/21)

where T(z) is the mean temperature at height z, 2,

and z; denote 18 and 30 meters, z,= v/ z12.

To calculate ux, 2,/L’ was evaluated for each case
by means of one of the three Eqs. (23) through (25)
corresponding to the appropriate Richardson num-
ber. L’ was then assumed to be invariant with height,
and ¢ (18/L') was estimated with Eqgs. (26) through
(28) Eq. (21) was then evaluated at the 18-meter
level and solved to yield us. The values of 2 used
for this calculation are given in Section IIle.

The meteorological conditions of particular inter-
est are those associated with mean wind speeds at
the 18-meter level greater than approximately 10 m
sec™. During these flow conditions, the boundary
layer is well mixed so that vertical gradients of the
mean flow entropy are small (dT/de~—g/C,) and
the wind -shears are large; thus, the Richardson
number vanishes or at least beeomes very small.
Accordingly, the neutral longitudinal and lateral
spectra are of particular interest in the design and
operation of space vehicles. The neutral spectra
were determined by extrapolating the data to Ri=0
by the procedure developed by Berman [12].
Scaled spectra nS(n)/us® were plotted against R7
for various values of f, and curves were drawn by
eye. Of course, the data points scattered about this
line. The values of nS(n)/us® at Ri=0 were then
read off to yield the neutral spectra for the various
levels on the tower The results of this graphical
process are shown in Figures 12 and 13,

In Figures 12 and 13 the position of the maxima
shift toward higher values of f as the height in-
creases. This means that Monin ecoordinates
(nS(n) /us?, f) fail to collapse the spectra in the
vertical so that F( f, KEz) is not a universal function,
and thus an added height dependence should be
included in the analysis. Busch and Panofsky [13]
have obtained similar results from analyses of tower
data from Round Hill. The failure of the Monin ¢o-
ordinates to collapse the spectra in the vertical can
be attributed to vertical variations in both the
Reynolds stress and the length scale used to scale
the wave number n/%(z)

Above the Monin layer (2<30m) in the Fkman
layer (2>30m), the tangential Reynolds stress de-
creases with height. In addition, the variances of
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Ficure 12. Dimensionless logarithmic longitudinal spectra
for neutral wind conditions plotted in Monin
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Freure 13. Dimensionless logarithmic lateral spectra for
neutral wind conditions plotted in Monin
coordinates.

the longitudinal and lateral components of turbu-
lence are decreasing functions of 2, so that by scaling
the spectra with the surface value of the friction
velocity, the scaled spectra at the upper levels fall
below the 18-meter spectra.

By scaling the wave number with 2, we have as-
sumed that the integral scales of the longitudinal
and lateral components of turbulence are propor-
tional to z. This might be true in the Monin layer,
however, in the Ekman layer one might suspect
from the hehavior of eddy coefficients [14] that, if
the local integral scales have a vertical variation,
then they should increase at a rate slower than z. In
addition, we have no knowledge that the integral
scales of the longitudinal and lateral spectra should
have the same vertical variation. However, the data
appear to show that Monin coordinates will collapse
spectra with various turbulence intensities at any
particular level in the vertical

To produce a vertical collapse of the data, it was
assumed, for engineering purposes, that the spectra

in Monin coordinates are shape-invariant in the
vertical. This hypothesis appears to be reasonable
and permits a practical approach to developing an
engineering spectral model of turbulence.

5.1. The Longitudinal Spectrum

The vertical variation of the dimensionless wave
number f,., associated with the peak of the logarith-
mic spectrum S, scaled in Monin coordinates is
given in Figure 14. A least-squares analysis of the
data in this figure yields the result

Fue=0.03(2/18), (30)

where z 1s in meters, A plot of n8S.(n)/us® versus
f/fmu will shift the spectra at the various levels, so
that all the peaks of the logarithmic longitudinal
spectra are located at f/fa.=1 Values of fu. from
other tower sites are indicated in Figure 14.

The average ratio 8. of the shifted spectrum at
level z and the 18-meter spectrum,

(SuCF/fmuy )/ Sul f/funy 18)),

is shown in Figure 15. A least-squares analysis of
these data yielded the result

Bu= (2/18)7", (31)

where 2z is in meters. A plot of nS,(n)/B.us® versus
J/fme will collapse the longitudinal spectra. The col-
lapsed longitudinal data are plotted as a function
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Ficure 14. Vertical distributions of the dimensionless fre-
quencies fi. and fu, associated with the peak of
the logarithmic longitudinal and lateral spectra
for neutral stability eonditions.



[ 0 NEUTRAL LONGITUDINAL
o NEUTRAL LATERAL

Ber (Tza-)-o.ﬂ

B 1
10 100
z {meters)

1,000

Ficure 15. The vertical distribution of the collapsing factors
8. and B, for neutral stability conditions.

of 0.03f/fm. in Figure 16.
The funection

nSu('n) - Cu f/fmu
Buus?  (AAH1.5( f/fumu)re)508re

was selected to represent the longitudinal spectrum,
where C, and 7, are positive constants, determined
by a least-squares analysis. For sufficiently small
values of f, nS.(n)/B.us® asymptotically behaves
like f/fnu Which is the correct behavior for a one-
dimensional spectrum. At large wvalues of f
nSu(n) /Buus® asymptotically behaves like

(F/fm) 725,

consistent with the concept of the inertial subrange.
The maximum value of (32) occurs at f=fu..
Various authors have suggested formulae like (32)
to represent the longitudinal spectrum. However,
most of the representations have only one adjustable
parameter available, while Eq. (32) has two. C,
and 7,. In this light (32) appears to be superior
Upon setting r,=5/3, we obtain the form of the
longitudinal spectrum suggested by Panofsky [7]
to represent the strong wind spectra of Davenport
[15]. Von Karman’s longitudinal spectrum [16]
can be obtained by setting r,=2. A least squares
analysis of the longitudinal data in Figure 16 revealed
that C,=8.641 and r.=0.845.

(32)

5.2. The Lateral Spectrum

The lateral spectra S, can be collapsed with a
procedure like the one used for the longitudinal
spectra. However, to determine an analytical ex-
pression for the lateral spectrum, special attention
must be paid to the inertial subrange to guarantee

that 8./8,=3/4 [17]. This requirement can be
derived from the mass continuity equation for incom-
pressible flow subject to the condition that the
eddies are isotropic in the inertial subrange. The
experimental values of f., and 8, are given in Fig-
ures 14 and 15. These data show that f., and 8, can
be represented as power laws as for the longitudinal
spectra. The function

nS,(n) _ Co f/fno
Bous®  (L+1.5( f/fmo) )50

was used to represent the scaled spectra, where C,

and r, are positive constants. This function behaves

like the one chosen for the longitudinal spectrum.
For sufficiently large values of f, the asymptotic

behavior of the ratio between Eqgs. (32) and (33)

is given by

Sﬂ Cu B’M (f mu

2/3
= o m 5/3(U/ro=11rs)
3.~ C. 5. fm.,> (3/2) (34)

In the inertial subrange we must have 8./8,=3/4,
so that upon substituting this ratio into (34) we ob-
tain a relationship that can be used as a constraint in
the determination of values of C, and 7, and func-
tions to represent 8, and fn,. The values C,=8.686
and 7,=0.512, and the functions

Jme=0.1(2/18)°-58 (35)

(33)

and
By=(2/18)0% (36)

along with the longitudinal parameters will satisfy
condition (34) and simultaneously give a good fit
to the data (2 is in meters) The collapsed lateral
spectra and the functions given by (32) and (33)
are shown in Figure 16.
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Ficure 16. Dimensionless logarithmic longitudinal and
lateral spectra as functions of 0.03 f/fm. and

0.1 f/fu» for neutral stability conditions.



5.3. Engineering Application

To apply the spectrum of turbulence to engineer-
ing problems, we first select the design peak wind
speed for a prescribed level of risk. The peak wind
speed profile is established by selecting the 99.87
percentile (mean +3¢) value of k, and the mean
wind profile is obtained by “backing off”” from the
peak wind profile with the appropriate gust factor
profile. The friction velocity wus is calculated with
Eq. (21) for neutral wind conditions (Ri=0,
¥(0) =0). Once the mean wind speed profile and the
friction velocity are known, the longitudinal and
lateral spectra are completely specified. This is the
procedure presently used at MSFC.

Thus far, we have been talking about the spectra
of the longitudinal and lateral components of turbu-
lence. Actually, it is the spectra of the square of
these components that are important from a loads
viewpoint. If we assume that these components in-
dividually constitute Gaussian processes, then it is
possible to express the power spectra of (@4u')? or
v'? with the Wiener-Khintchine theorem in the form

Sz (n) =[ (@4 2u26%) e+ 5 (n) +4ew2S1(n)
2" Sin-pSi@ & @D

where Sy(n) is defined in the interval — o <n< o,
e=1 (longitudinal loads) or 0 (lateral loads) and
8(n) is the Dirac delta function. In this equation,
the variance of the turbulence is given by

e /0 “ S(n) dn, (38)

where S(n) is the longitudinal or lateral spectrum
as defined by Egs. (32) and (33) and

Si(n) = LS-(IZLD (39)
The details of the derivation of Eq. (37) can be
found in a paper by Wood and Berry [18].

To produce the convolution integral in Eq. (37)
by numerical procedures is straightforward. The
right-hand side of Eq. (37) is directly proportional
to the spectrum of the longitudinal or lateral drag
forces, which are the required inputs for vehicle
response studies.

6. Conclusions

Development of space vehicle wind loads design
criteria is not simple, but is a rather complicated
procedure requiring the designer and the atmospheric

scientist to work as a team. The engineer must
specify the risks he is willing to accept, while the
atmospheric scientist must produce a wind model
from which it is possible to determine the appropriate
foreing funections for that accepted risk. The model
presented here for Cape Kennedy, Florida, serves
this purpose in that risk values can be applied to the
occurrence of peak wind speeds at a reference level
for a given period of exposure; and if these design
peak wind speeds occur, an upper bound risk value
of structural failure can be estimated from statistical
information about the wind profile shape (k) By
applying gust factors for an appropriate averaging
period, a peak wind speed environment can be
partitioned into mean wind and turbulence
environments.
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